Abstract Heat shock proteins (Hsps) are cellular repair agents that counter the effects of protein misfolding that is a characteristic feature of neurodegenerative diseases. HSPA1A (Hsp70-1) is a widely studied member of the HSPA (Hsp70) family. The little-studied HSPA6 (Hsp70B') is present in the human genome and absent in mouse and rat; hence, it is missing in current animal models of neurodegenerative diseases. Differentiated human neuronal SH-SY5Y cells were employed to compare the dynamics of the association of YFP-tagged HSPA6 and HSPA1A with stress-sensitive cytoplasmic and nuclear structures. Following thermal stress, liveimaging confocal microscopy and Fluorescence Recovery After Photobleaching (FRAP) demonstrated that HSPA6 displayed a prolonged and more dynamic association, compared to HSPA1A, with centrioles that play critical roles in neuronal polarity and migration. HSPA6 and HSPA1A also targeted nuclear speckles, rich in RNA splicing factors, and the granular component of the nucleolus that is involved in rRNA processing and ribosomal subunit assembly. HSPA6 and HSPA1A displayed similar FRAP kinetics in their interaction with nuclear speckles and the nucleolus. Subsequently, during the recovery from neuronal stress, HSPA6, but not HSPA1A, localized with the periphery of nuclear speckles (perispeckles) that have been characterized as transcription sites. The stress-induced association of HSPA6 with perispeckles displayed the greatest dynamism compared to the interaction of HSPA6 or HSPA1A with other stresssensitive cytoplasmic and nuclear structures. This suggests involvement of HSPA6 in transcriptional recovery of human neurons from cellular stress that is not apparent for HSPA1A.
Introduction
Protein misfolding is a characteristic feature of human neurodegenerative diseases that disrupts normal neural function leading to premature cell death (Muchowski and Wacker 2005; Westerheide and Morimoto 2005; Asea and Brown 2008; Richter et al. 2010) . Heat shock proteins (Hsps) are cellular repair agents that counter the effects of protein misfolding, and their upregulation has been proposed as a potential strategy to counter neurodegenerative disorders (Muchowski and Wacker 2005; Asea and Brown 2008; Pratt et al. 2015) . The HSPA (Hsp70) family has been widely studied, particularly HSPA1A (Hsp70-1), however HSPA6 (Hsp70B') has received comparatively little attention (Chow and Brown 2007; Noonan et al. 2007a; Noonan et al. 2007b; Noonan et al. 2008a; Noonan et al. 2008b; Chow et al. 2010; Ramirez et al. 2015; Deane and Brown 2016) . Interestingly, HSPA6 is present in the human genome and absent in the genomes of mouse and rat. Hence, HSPA6 is missing in current animal models of human neurodegenerative diseases. At present, few effective therapies for human neurodegenerative diseases have been identified despite numerous clinical trials (Dunkel et al. 2012; Huang and Mucke 2012; Pratt et al. 2015) . Therapeutic compounds that have been identified and appeared promising in animal models of neurodegenerative Electronic supplementary material The online version of this article (doi:10.1007/s12192-016-0724-2) contains supplementary material, which is available to authorized users.
diseases have repeatedly failed to translate to effective treatments in human clinical settings. This has led to concerns about deficiencies in current animal models of human neurodegenerative diseases.
In a recent report, we created stable cell lines of human SH-SY5Y neuronal cells expressing YFP-HSPA6 and YFP-HSPA1A (Khalouei et al. 2014a ) in order to investigate the targeting of these HSPA family members to cytoplasmic and nuclear sites in differentiated human neurons following thermal stress using fixed-cell preparation (Khalouei et al. 2014a; Khalouei et al. 2014b) . Live imaging has now facilitated the visualization of the time course of the cellular stress response in differentiated human neuronal cells and the targeting of the little-studied HSPA6 to stress-sensitive cytoplasmic and nuclear sites in living human neurons.
In addition, Fluorescence Recovery After Photobleaching (FRAP) demonstrated that, following thermal stress, HSPA6 exhibited a prolonged and more dynamic association, compared to HSPA1A, with centrioles that play critical roles in polarity determination and migration patterns in neurons. Later in the recovery from neuronal stress, HSPA6, but not HSPA1A, localized to the periphery of nuclear speckles (perispeckles) that have been characterized as transcription sites (Brown et al. 2008; Spector and Lamond 2011; Rieder et al. 2012; Rieder et al. 2014) . FRAP revealed that the stressinduced interaction of HSPA6 with perispeckles displayed the greatest dynamism compared to the association of HSPA6 and HSPA1A with other stress-sensitive cytoplasmic and nuclear structures. These results suggest involvement of HSPA6 in transcription recovery of human neuronal cells from cellular stress that is not apparent for HSPA1A. The association of HSPA6 with perispeckles is missing in current animal models of neurodegenerative diseases which do not include HSPA6.
Materials and methods
Cell culture, transfection, differentiation, and thermal stress Human neuronal SH-SY5Y cells (American Type Culture Collection, VA, USA) were grown in Dulbecco's modified Eagle medium (DMEM; Wisent, QC, Canada) supplemented with 10 % fetal bovine serum (FBS; Wisent) at 37°C and 5 % CO 2 humidified atmosphere. Preparation of plasmids, transfection, and selection of SH-SY5Y cells stably expressing enhanced YFP-HSPA6 or YFP-HSPA1A were carried out as previously described (Khalouei et al. 2014a ). For live imaging, immunocytochemistry, and FRAP experiments, 3.0 × 10 5 neuronal cells were plated onto 35-mm glass-bottom dishes (MatTek Corporation, MA, USA) and differentiated in serumfree DMEM supplemented with 10 μM all-trans-retinoic acid for 72 h at 37°C. Thermal stress was performed by submerging culture dishes in a water bath equipped with a thermal immersion circulator (Thermo Fisher, MA, USA) set to 43°C (± 0.5°C) for 20 min.
Immunocytochemistry
To stain for cytoplasmic and nuclear structures, differentiated human neuronal cells grown on glass-bottom dishes were fixed in 4 % paraformaldehyde in phosphate-buffered saline (PBS) for 20 min. Cells were then permeabilized for 20 min with 0.1 % Triton X-100 in PBS with 100 mM glycine, blocked in 5 % FBS, followed by incubation with primary antibodies and subsequently fluorescent secondary antibodies, each for 1 h. Primary antibodies specific for (i) centrioles (γ-tubulin, Product #11-543, Exbio, Prague, Czech Republic), (ii) nuclear speckles (SON, HPA023535, Sigma), and (iii) the granular component of the nucleolus (nucleophosmin, ab10530, Abcam, Cambridge, UK) were utilized at 1:1000 dilution. Fluorescently conjugated cy3 and cy5 donkey antirabbit and donkey anti-mouse secondary antibodies (Jackson ImmunoResearch Laboratories Inc., PA, USA) were used at a 1:2000 dilution.
Confocal microscopy
A WaveFX-X1 spinning disk confocal system (Quorum Technologies, ON, Canada) attached to an inverted fluorescence microscope (DMI6000B, Leica) was employed to capture images with a Plan-APO ×63/1.4 NA oil-objective on an electron-multiplying charge-coupled device camera (Hamamatsu Photonics, Japan). Visualization of YFP, cy3, and cy5 was achieved by diode laser excitation/emission at 491/520, 561/620, and 644/692 nm, respectively, at 5 % laser intensity. Photobleaching was performed using a Mosaic system (Andor Technology, Belfast, UK) attached to the spinning disk setup. The Mosaic system employed a digital micromirror device controlling the spatial distribution of a high power 405-nm diode laser into a pre-determined region of interest (ROI). For live and FRAP imaging, thermally stressed cells were placed on a XYZ motorized, piezocontrolled (Applied Scientific Instrumentation, OR, USA) stage-top incubation system (Chamlide; Live Cell Instrument, Seoul, Korea) at 37°C and 5 % CO 2 .
Live imaging
Laser intensity, photobleaching, and time-lapse parameters for live and FRAP imaging were determined using MetaMorph acquisition software (Molecular Devices, CA, USA). Live and FRAP imaging parameters were optimized by adjusting the pinhole and detector gain to minimize overall photobleaching and avoid pixel saturation (Snapp et al. 2003) . For fluorescence intensity (FI) measurements, pre-thermal stress images were acquired and following 20 min of thermal stress, imaging continued at 10 min intervals for a duration of 300 min. In order to capture intracellular localization events of YFPtagged HSPA6 and HSPA1A, acquisition was performed in 3D stacks of 9.5 μm with a step size of 0.5 μm.
Movies were processed using Volocity analysis software (PerkinElmer, MA, USA). To perform FI measurements, all movies had their volumes split in order to select for the clearest and flattest plane of each stress-sensitive structure of interest. Movies were corrected for background noise using the arithmetic mean of a dark image captured with the aforementioned z-stack parameters. Background-corrected images were subsequently corrected for photobleach-induced fluorescence decay. A circular ROI was used to outline the structure of centrioles, nuclear speckles, the nucleolus, and the periphery of nuclear speckles. To measure the mean fold-change FI at centrioles and the nucleolus, all post-thermal stress images were normalized relative to the mean FI of putative centriole and nucleolar sites prior to thermal stress (verified by immunocytochemistry). For mean fold-change in FI at nuclear speckles and YFP-HSPA6 localization to the periphery of nuclear speckles, the mean FI of a free-hand drawn area covering the flattest plane of the nucleus was obtained, which excluded the nucleolus, as a reference for the nucleoplasm FI. As these intra-nuclear domains are not delineable under control live imaging conditions, it was reasoned that the homogenous signal observed in the nucleoplasm reflected the extent of YFPtagged HSPA6 and HSPA1A within these compartments.
Fluorescence recovery after photobleaching (FRAP)
An empirically determined circular ROI was created for each stress-sensitive structure analyzed by FRAP. ROI size was determined based on the average circular diameter that each structure occupied. For centrioles and nuclear speckles, an area of 2.75 μm 2 was used, whereas, for nucleoli and HSPA6-specific localization to the periphery of nuclear speckles, an area of 4.37 and 1.34 μm 2 was used, respectively. For FRAP acquisition of centrioles, nuclear speckles and the nucleolus, 10 pre-bleach images were acquired in 1-s intervals, followed by a photobleach pulse duration of 1.5 s. Initial fluorescence recovery was acquired for a duration of 49.5 s at 0.5-s intervals. Plateau of fluorescence recovery was acquired for a duration of 30 s at 2-s intervals. For FRAP acquisition of YFP-HSPA6 localization to the periphery of nuclear speckles, 5 pre-bleach images were acquired in 1-s intervals, followed by a 1.5-s photobleach pulse, and subsequent fluorescence recovery acquired in 0.5-s intervals for a duration of 22.5 s. All FRAP images were captured in a single focal plane.
FRAP analysis was performed on Volocity. For each photobleached target, a circular ROI tool with equal dimension as that created for photobleaching was used to demarcate the structure of interest for FRAP analysis. The half-time rate of fluorescence recovery (τ 1/2 ), mobile and immobile fractions were software generated after background-and photobleachcorrected FRAP data was fitted to the single exponential function f(t) = y + Ae -kt (Sprague and McNally 2005) . FRAP trials demonstrating focus or cellular drift were discarded and not included in the analysis. FRAP graphical representations display the pooled mean FI obtained at each time point after raw FI data was normalized relative to pre-and post-bleach images to equal 1 and 0, respectively.
Live-cell, fixed-cell, and FRAP image processing
Prior to preparation of figures, all live-cell, fixed-cell, and FRAP images were processed on Volocity. Live-and fixedcell imaging panels are displayed as single stack images to best illustrate each stress-sensitive structure in its plane of focus. Green pseudo-coloring was used for YFP-tagged HSPA6 and HSPA1A. Red pseudo-coloring was used for display of γ-tubulin, SON, and nucleophosmin. Contrast and brightness adjustments for live-cell, fixed-cell, and FRAP panels were identical for both YFP-tagged HSPA6 and HSPA1A as well as between control (i.e., pre-thermal stress and pre-bleach) and experimental images (i.e., post-thermal stress and 0-s post-bleach). No gamma adjustments were made to any images, and quantification of FI and FRAP at each stress-sensitive structure was obtained from raw and unprocessed images. FI and FRAP measurements were graphed using Microsoft Excel (Microsoft) and Prism (GraphPad). Preparation of figures and movies were performed using Adobe Illustrator and Premiere Pro (Adobe Systems), respectively.
Results
Live imaging of the stress response in differentiated human neurons
The effect of heat shock on the localization of YFP-tagged HSPA6 (Hsp70B') and HSPA1A (Hsp70-1) proteins in post-mitotic, differentiated human neuronal SH-SY5Y cells was investigated by live imaging using spinning disk confocal microscopy. Following heat shock at 43°C for 20 min (Fig. 1a) and subsequent time course recovery at 37°C (Fig. 1b) , YFP-HSPA6 and YFP-HSPA1A associated with cytoplasmic structures resembling centrioles (boxed areas) as confirmed in Fig. 1c with the centriole-specific marker protein γ-tubulin (Brito et al. 2012) . A more prolonged association of YFP-HSPA6 with centrioles was observed compared to YFP-HSPA1A (Fig. 1b) .
FRAP was employed to investigate dynamic aspects of the association of YFP-tagged HSPA6 and HSPA1A with centrioles. As shown in Fig. 1d (upper panel) , the photobleaching recovery sequence at the level of individual centrioles was dynamic and, 15 s after bleaching, the surrounding pool of YFP-tagged HSPA6 and HSPA1A molecules exhibited repopulation of the centriole that was specifically targeted for bleaching.
Quantitative assessment, compiling data from multiple centriole photobleachings (Fig. 1d, lower panel) , revealed a τ 1/2 (time of 50 % maximal recovery) of 6.70 (± 0.37 SEM) seconds for YFP-HSPA6 and 12.46 (± 0.57 SEM) seconds for YFP-HSPA1A. The faster τ 1/2 for YFP-HSPA6 suggested that it exhibited a faster rate of exchange with centriole-specific sites compared to YFP-HSPA1A. The plateau recovery levels obtained from Fig. 1d , lower panel, when compared to the initial unbleached fluorescence, permitted determination of the immobile fraction, a measure of the centriole-bound YFP-tagged molecules unable to participate in exchange with surrounding unbleached YFP-tagged molecules. The reduced immobile fraction observed for YFP-HSPA6 (0.14 ± 0.02 SEM), compared to YFP-HSPA1A (0.26 ± 0.02 SEM), indicated that a greater proportion of centriole sites occupied by Overall, the data suggested that YFP-tagged HSPA6 and HSPA1A participated in cycles of binding and release with centriole targets as neurons recovered from thermal stress, with HSPA6 demonstrating a faster rate of exchange and fewer HSPA6 molecules irreversibly bound to centriole components compared to HSPA1A.
Kinetics of the association of YFP-HSPA6 and HSPA1A with nuclear speckles and the nucleolus of stressed human neurons Live imaging demonstrated that YFP-tagged HSPA6 and HSPA1A associated with nuclear components after heat shock in differentiated human neuronal cells as shown in Fig. 2a, b . These YFP-associated nuclear components colocalized with SON, a marker protein for nuclear speckles (dashed arrows) that are rich in RNA splicing factors ( Fig. 2c) (Sharma et al. 2010; Spector and Lamond 2011) . FRAP recovery profiles for nuclear speckle-associated YFP-HSPA6 and YFP-HSPA1A (shown in Fig. 2d ), demonstrated τ 1/2 values of 7.48 (± 0.41 SEM) seconds and 10.33 (± 0.57 SEM) seconds, indicating a faster exchange of HSPA6 with nuclear speckle targets compared to HSPA1A. However, the magnitude of the difference was not as great as that observed for centrioles in Fig. 1d . The immobile fraction values of 0.14 (± 0.02 SEM) and 0.17 (± 0.02 SEM), suggested a similar degree of irreversible binding of HSPA6 and HSPA1A to nuclear speckle components.
Subsequently, YFP-HSPA6 and YFP-HSPA1A associated with donut-shaped nuclear components (Fig. 3a, b) that colocalized ( Fig. 3c) with nucleophosmin (NP), a marker protein for the granular component (GC) of the nucleolus (solid arrows), which is involved in rRNA processing and ribosomal subunit assembly (Sirri et al. 2008; Hernandez-Verdun et al. 2010) . FRAP recovery profiles for nucleolar-associated YFP-HSPA6 and YFP-HSPA1A (shown in Fig. 3d ) revealed τ 1/2 values of 7.02 (± 0.42 SEM) and 8.60 (± 0.65 SEM) seconds, respectively. The immobile fraction values of 0.37 (± 0.02 SEM) and 0.43 (± 0.01 SEM) indicated that a greater portion of the HSPA6 and HSPA1A molecules are irreversibly bound to nucleolar-specific sites compared to centriole-or nuclear speckle-specific sites.
HSPA6 exhibited dynamism in its association with the periphery of nuclear speckles following neuronal stress
After the stress-induced association of YFP-HSPA6 and YFP-HSPA1A with the granular component of the nucleolus (Fig. 3) , YFP-HSPA6, but not YFP-HSPA1A, exhibited bright star-like foci (arrowheads) in the nucleus of differentiated human neurons (Fig. 4a, b) that localized around the periphery of SON-positive nuclear speckles (Fig. 4c) . These perispeckles are sites of active messenger RNA (mRNA) transcription that have been termed Btranscription factories^ (Brown et al. 2008; Spector and Lamond 2011; Rieder et al. 2012; Rieder et al. 2014 ). The unique localization of HSPA6, but not HSPA1A, at the periphery of nuclear speckles suggested that this little studied member of the HSPA family, which is not present in current animal models of neurodegenerative diseases, is associated with the recovery of transcription in neuronal cells after stressful stimuli.
As shown in Fig. 4d (upper panel) , YFP-HSPA6 recovery after photobleaching of individual perispeckles was more rapid (maximal recovery by 8 s) compared to that observed for YFP-HSPA6 photobleaching recovery for centrioles, nuclear speckles or the nucleolus (60 s in Figs. 1d, 2d, and 3d, upper panel). This was confirmed in Fig. 4d , lower panel, by quantitative assessment compiling data from multiple perispeckle photobleachings. The analysis revealed a τ 1/2 of 2.36 (± 0.16 SEM) seconds, indicating that YFP-HSPA6 demonstrated a faster rate of exchange with perispeckle-specific sites compared to centrioles, nuclear speckles, and the nucleolus which exhibited τ 1/2 values of 6.70, 7.48, and 7.02 s, respectively, for YFP-HSPA6.
The FRAP recovery profile (Fig. 4d , lower panel) indicated that the association of YFP-HSPA6 with perispeckles demonstrated a very low immobile fraction value of 0.02 (± 0.02 SEM) compared to YFP-HSPA6 and YFP-HSPA1A immobile values associated with centrioles (0.14 and 0.26), nuclear speckles (0.14 and 0.17) and the nucleolus (0.37 and 0.43), respectively. The data shown in Fig. 4d indicated that HSPA6 exhibited very rapid exchange with perispeckles and that comparatively few HSPA6 molecules are irreversibly bound to perispeckles, which are sites of transcription factories. HSPA6, but not HSPA1A, associates with perispeckles at the time of transcriptional recovery from stress-induced inhibition. The FRAP data suggested that HSPA6 exhibited a highly dynamic flux with transcription machinery as it recovers from stress-induced inhibition in differentiated human neurons.
Live imaging time sequence of the effect of thermal stress on the intracellular localization of YFP-HSPA6 and YFP-HSPA1A in differentiated human neurons
The time sequence of the effect of thermal stress on the intracellular localization of YFP-HSPA6 in differentiated human neurons is presented by confocal live imaging in Fig. S1  (Supplementary Movie 1) . Immediately after 20 min of heat shock at 43°C, YFP-HSPA6 localized to centrioles in the cytoplasm (boxed areas in Fig. S1 and Fig. 1 ) and to nuclear speckles (dashed arrows in Fig. S1 and Fig. 2 ). YFP-HSPA6 next associated with the granule component of the nucleolus (solid arrows in Fig. S1 and Fig. 3) . Subsequently, as localization to nuclear speckles and the nucleolus diminished, live imaging revealed the transient localization of YFP-HSPA6 to multiple bright star-like foci in the nucleus (arrowheads in Fig. S1 and characterized as perispeckles in Fig. 4) .
The corresponding live imaging time sequence of the effect of heat shock on neuronal intracellular localization of YFP-HSPA1A is shown in Fig. S2 (Supplementary Movie 2) . Heat shock induced YFP-HSPA1A to localize to centrioles (boxed areas), nuclear speckles (dashed arrows), and the nucleolus (solid arrows) as was observed for YFP-HSPA6 (characterized in Figs. 1, 2, and 3) . However, as association of YFP-HSPA1A to these structures diminished, YFP-HSPA1A did not localize to the multiple bright star-like foci that were observed throughout the nucleus for YFP-HSPA6 and termed perispeckles (characterized in Fig. 4 ) that are clustered around the periphery of nuclear speckles. Hence, the live imaging time sequence presented in Fig. S1 and Fig. S2 ( Supplementary Movies 1 and 2) confirmed the results shown in Fig. 4 that the localization of YFP-HSPA6 to perispeckles is specific and not apparent for HSPA1A. 
Discussion
In the present study, live imaging and FRAP were utilized to further knowledge of HSPA6 (Hsp70B'), a little studied member of the HSPA (Hsp70) multigene family that is present in the human genome but absent in the genomes of mouse and rat (Chow and Brown 2007; Noonan et al. 2007a; Noonan et al. 2007b; Noonan et al. 2008a; Noonan et al. 2008b; Chow et al. 2010; Ramirez et al. 2015; Deane and Brown 2016) . Following thermal stress, changes in the intracellular localization of HSPA6, and the more widely studied HSPA1A (Hsp70-1), were visualized in living differentiated human neuronal SH-SY5Y cells, with FRAP employed to compare the dynamics of the exchange of these two Hsps with stresssensitive cytoplasmic and nuclear structures.
Human neuronal SH-SY5Y cells have been used previously as a model neuronal system for neurodegenerative diseases (Cheung et al. 2009; Agholme et al. 2010; Lopes et al. 2010 ). Our present study was carried out on SH-SY5Y cells that have been differentiated with retinoic acid to exhibit neuronal features including cessation of cell division, development of long bipolar neuronal-like cellular processes and display of biochemical markers of neuronal differentiation (Pahlman et al. 1984; Lopez-Carballo et al. 2002 ; El Andaloussi-Lilja et al. 2009). Retinoic acid, which we employ to trigger neuronal differentiation in SH-SY5Y cells, is an endogenous signaling molecule of neuronal differentiation during in vivo development of the nervous system (Jacobs et al. 2006; Maden 2007; Goodman et al. 2012) . Live imaging demonstrated that following thermal stress, both YFP-HSPA6 and YFP-HSPA1A rapidly localized to centrioles in the cytoplasm of differentiated neurons. FRAP revealed that HSPA6 exhibited a faster exchange and fewer irreversibly bound molecules with centriole components compared to HSPA1A (summarized in Table 1 ).
Centrioles play important roles in controlling the polarity and migration of neuronal cells (de Anda et al. 2005; de Anda et al. 2010; Ge et al. 2010; Lizarraga et al. 2010; Kuijpers and Hoogenraad 2011) . During evolution of the human brain, the neocortex, which is involved in higher cognitive function, has expanded greatly compared to other mammals (Borrell and Reillo 2012) . This expansion of the neocortex involves (i) enhanced production and polarity determination of the large number of neurons that are destined for the human neocortex (Florio et al. 2015) and ( ( Taverna et al. 2014) . Hence, human neurons experience longer time periods during which cell polarity and cell migration could be distorted by cellular stress. Stress-inducible HSPA6 is present in the human genome, however, it is absent in the genomes of rat and mouse (Noonan et al. 2008b ). HSPA6 exhibits a faster exchange and fewer irreversibly bound molecules with stress-sensitive centriole components compared to the widely studied HSPA1A. These features could reflect that HSPA6 evolved to confer enhanced stress repair potential to centrioles in human neurons to buffer against stress-induced distortion of cellular polarity and migration that are critical to the expansion of the neocortex that has occurred during the evolution of the human brain (Taverna et al. 2014; Florio et al. 2015) . Nuclear speckles, rich in RNA splicing factors (Hall et al. 2006) , and the nucleolus, particularly the granular component involved in rRNA processing and ribosomal subunit assembly (Hernandez-Verdun et al. 2010) , were also targeted by YFPtagged HSPA6 and HSPA1A, suggesting they are stresssensitive nuclear sites. FRAP revealed that differences in τ 1/2 values and the extent of molecules bound irreversibly to nuclear speckle and nucleolar components were not as pronounced for HSPA6 vs. HSPA1A, compared to the FRAP observations for the more dynamic association of HSPA6 with centriole components (summarized in Table 1 ). Nuclear speckles and the nucleolus play basic roles in the metabolism of all cells (Boisvert et al. 2007; Spector and Lamond 2011) . Cell polarity and cell migration in human neuronal cells, in which centrioles play a key role (de Anda et al. 2005; de Anda et al. 2010; Ge et al. 2010; Lizarraga et al. 2010; Kuijpers and Hoogenraad 2011) , have facilitated the unique expansion of the neocortex during evolution of the human brain (Taverna et al. 2014; Florio et al. 2015) .
Interestingly, our data revealed new information on the little studied HSPA6 that is found in the human genome and not in mouse and rat and hence is not present in current animal models of neurodegenerative diseases. HSPA6, but not HSPA1A, associated with bright star-like foci located at the periphery of nuclear speckles following thermal stress. These perispeckles are sites of active mRNA transcription that have been characterized as Btranscription factories^ (Brown et al. 2008; Spector and Lamond 2011; Rieder et al. 2012; Rieder et al. 2014) . The unique localization of HSPA6, but not HSPA1A, to perispeckles, suggests that HSPA6 may be associated with the recovery of transcription in human neuronal cells after inhibition by stressful stimuli (Allen et al. 2004; Hieda et al. 2005; Espinoza et al. 2007; Yakovchuk et al. 2009 ). Our on-going experiments indicate that localization of HSPA6 to perispeckles is disrupted by application of a transcriptional inhibitor during the recovery phase. The FRAP data revealed that recovery of YFP-HSPA6 from photobleaching was more rapid in perispeckles compared to centrioles, nuclear speckles or the nucleolus (8 s compared to 60 s), and this was confirmed quantitatively by τ 1/2 values summarized in Table 1 . In addition, the association of YFP-HSPA6 with perispeckles demonstrated the lowest immobile fraction compared to either HSPA6 or HSPA1A associated with centriole, nuclear speckle or nucleolar components (Table 1) .
The FRAP data suggests that HSPA6 exhibits a unique feature not observed for HSPA1A, namely a rapid and highly dynamic exchange with perispeckles, which have been characterized as transcription sites (Brown et al. 2008; Spector and Lamond 2011; Rieder et al. 2012; Rieder et al. 2014) . The presence of HSPA6 in the human genome could provide human neuronal cells with a highly dynamic mechanism for transcriptional recovery after stressful stimuli. This is particularly critical for the human brain that requires rapid recovery of neurons involved in higher cognitive function in the greatly expanded human neocortex compared to instinctive neural functions that are operative in mouse and rat (Lui et al. 2011; Geschwind and Rakic 2013; Taverna et al. 2014; Florio et al. 2015) . 
